Abstract Direct-current insulator-based dielectrophoresis (DC-iDEP) is a well-known technique that benefits from the electric field gradients generated by an array of insulating posts to separate or trap biological particles. The aim of this study is to provide a first geometrical relationship of the post array that independent of the particles and/or medium, maximizes the trapping. A novel figure of merit is proposed to maximize the particle trapping in the post array while minimizing the required voltage, with a similar footprint and channel thickness. Different post array models with the variation of transversal distance (10 to 60 μm), longitudinal distance (10 to 80 μm), and post radius (10 to 150 μm) were analyzed using COMSOL Multiphysics finite element software. The obtained results indicated that a post radius of 40 μm larger than the transversal distance between posts could enhance the trapping condition between 56 % (for a transversal distance of 10 μm) and 341 % (for a transversal distance of 60 μm). For the validation of the numerical results, several microchannels with embedded post arrays were manufactured in polydimethylsiloxane (PDMS) and the particle trapping patterns of 6-μm-diameter polystyrene particles were measured experimentally. The experiments confirm the same trends as pointed out by the numerical analysis. The results show that this new figure of merit and geometrical relationship can be used to reduce the required electric field to achieve effective particle trapping and, therefore, avoid the negative effects of Joule heating in cells or viable particles. The main advantage of these results is that they depend only on the geometry of the micropost array and are valid for trapping different particles suspended in different media.
Introduction
Lab-on-a-chip systems enable miniaturization, integration, and automation of complex biochemical assays due to their advantages, including low requirements for samples and reagents, rapid operation, high convenience, and low cost [1] . Separation of cells or particles from a fluid is a vital step in many biochemical tests. Different microfluidic methods have been developed to this end (see review) [2, 3] . Among these, Electronic supplementary material The online version of this article (doi:10.1007/s00216-016-9629-2) contains supplementary material, which is available to authorized users. the dielectrophoresis (DEP) method is a well-known technique to separate particles even in small sample volume [4] .
Dielectrophoresis is a movement of particles caused by a polarization effect when a non-uniform electric field is applied to a channel with particles that have different conductivities than the medium. Since the dielectrophoretic force is proportional to the electric field gradient, it can appear when either direct current (DC) or alternating current (AC) is applied. The non-uniform electric field can be generated using an array of electrodes (electrode-based DEP, eDEP) [5] [6] [7] or an array of insulating posts (insulator-based DEP, iDEP).
The iDEP can overcome most of the well-known limitations of eDEP, taking advantage of the fact that in the case of iDEP, the electric field gradient is achieved by changing the path track of the field using insulator obstacles rather than using complex-shaped electrodes [8] . For instance, iDEP devices can provide a higher throughput since the technique is not limited to thin channels that confine the fluid on the electrode surface [9] and, moreover, most iDEP devices are able to produce an electroosmotic flow (EOF) eliminating the need of an external driving force [10, 11] .
On the other hand, the use of just two electrodes placed in the channel inlet and the channel outlet offers other advantages such as a more straightforward fabrication process, less fouling than with embedded electrodes, minimum bubble generation inside the channel, and less electrochemical reactions [12] . These devices are more appropriate for metal-sensitive organic samples. The iDEP microdevices including two separated electrodes in the inlet and outlet have been successfully employed for different applications: separation and concentration of live and dead bacteria [13, 14] , separation of white blood cells [15] , separation of red blood cells (RBCs) [16] , and separation [17] or concentration [18] of microbes (see the review in [19] ).
One of the most important influencing factors in the performance of iDEP microfluidic devices is the geometry of the insulating post array in the microchannel. In their studies, Cummings and Singh in 2003 used for the first time insulating posts to distort the electric field gradient and generate different flow regimes: streaming or trapping. To initially evaluate the flow distribution, they solved the Laplace equation to determine the electric field of two different insulating post array shapes: diamond and circular [11] . Their results showed the influence of the post shape on the flow conditions, but this could only be used for their particular geometry and footprint of the post array. Barbulovic-Nad et al. in 2006 chose a completely different approach and, instead of working on optimizing the design by solving complex non-linear equations, proposed a novel design that uses an oil droplet as an adjustable insulating structure to change the distance between the insulating structures and therefore change the flow [20] . This last approach complicates the manufacturing procedure, and therefore, it has not been widely adopted. In general, most microfluidic designers use finite element modeling software to optimize a particular geometry for a given particle to trap. For instance, Kang et al. in 2006 used a numerical analysis of the electric field to manipulate inert particles [21] and later other authors used the same approach to be able to manipulate biological particles such as Nakano et al. in 2011 who demonstrated iDEP-based manipulation of proteins using ellipsoidal-and triangular-shaped posts previously optimized by numerical analysis of the electric field and the gradient of the electric field at the tip of the insulating posts [22] . In a similar approach, Kim et al. in 2014 presented a simulation model to study the effect on protein concentration of circular and square post arrays, both in-plane and out-of-plane [23] .
There are also some studies that start to provide hints to the microfluidic designers, such as Kwon et al. in 2007 whose study focused on the improvement of the circular post geometry subject to electrokinetic (EK) and dielectrophoretic forces using a mathematical model. Their results indicated that when the longitudinal spacing between the posts was 0.6 times the post radius, the lateral-to-longitudinal force ratio increased [24] . On the other hand, Lalonde et al. in 2014 studied the effect of different insulating post geometries (circle and diamond) on particle trapping with the same spacing between posts (50 μm). The results indicated that the highest electric field gradient was achieved when diamond posts were used [25] . On the contrary but with a similar approach, Mohammadi et al. in 2015 designed a corrugated shape channel with 20 different transversal distances between posts (from 16 to 127 μm) to experimentally and numerically show which was the most suitable spacing between posts for red blood cell trapping in whole blood [26] .
The aforementioned studies, which solved the complex direct-current iDEP (DC-iDEP) phenomenon using timeconsuming methods, provide valuable insight into the effect of geometry on the DC-iDEP phenomena, but most of them are focused on a particular geometry or a type of particle, and therefore, these results cannot directly be applied to other designs. On this basis, this paper presents to the microfluidic designer, a relationship between the post radius and the longitudinal distance between the posts for a given transversal distance between posts in a micropost array to enhance the particle trapping using the DC-iDEP and minimize the required voltage as well as the Joule effect. To this aim, numerical modeling and experiments are performed to study the effect of these geometrical parameters. The electric field, the electric field gradient, and the trapping condition are calculated in more than 300 models numerically. A novel figure of merit is computed in each simulation to find the most efficient design of the post array distribution for increasing the trapping value based on DC-iDEP. The simulation results are then validated experimentally confirming the validity of the numerical analysis. The result of this work can be a road map and new approach for the microfluidic designers (design, efficient insulator obstacles, or post array) to achieve the maximum advantages of the DC-iDEP method.
Materials and methods
This section describes the methodologies used to obtain a figure of merit to evaluate the performance of the different post arrays, to create the different numerical models, and finally, to design experiments to validate the numerical models.
Theoretical background
When the DC electric field is applied in a channel, the ions from the electrolyte form an electric double layer (EDL) over the wall surface. The ions from the double layer are attracted to the negative electrode, producing an electroosmotic (EO) liquid flow, described by the Helmholtz-Smoluchowski equation, and according to which, the electroosmotic velocity [26] [27] [28] [29] [30] is
where E ! is the electric field, μ EO is the electroosmotic mobility of the ionic fluid, ζ w is the zeta potential of the wall of the microchannel, η is the viscosity, and ε m is the permittivity of the fluid. The dielectrophoretic velocity plays an important role in the particle trapping. The dielectrophoretic velocity is [26, 27 ]
where V ! DEP is the dielectrophoretic velocity and μ DEP is the dielectrophoretic mobility which, in turn, can be expressed as [27] 
where r is the particle radius and f CM is the Clausius-Mossotti factor. In DC-iDEP, the frequency is zero; therefore, the Clausius-Mossotti factor depends only on particle and medium conductivities [16, 26] 
where σ p and σ m are the particle and medium conductivities. The Helmholtz-Smoluchowski equation describes also the experienced electrophoretic (EP) particle velocity [16] ,
where ζ p is the zeta potential of the particle.
The electroosmotic flow (from positive to negative electrode) is diminished by the electrophoretic flow (from negative to positive electrode), so three flows should be considered: EO, EP, and dielectrophoretic. Since the EO mobility is significant compared with EP mobility, therefore, the EK flow is mainly dominated by the electroosmotic flow. The total velocity of the particles due to the combined effects of electroosmosis, electrophoresis, and DEP can be expressed as the superposition of a linear electrokinetic velocity V ! EK (EOF + EP flow) and a non-linear dielectrophoretic flow [26] :
where V ! tot is the total velocity and μ EP is the electrophoretic mobility.
To achieve trapping of particles, dielectrophoretic velocity must overcome EK velocity, since the direction of the EK flow, as observed experimentally, is from the positive electrode to the negative electrode in the microchannel (electroosmotic direction). Consequently, the net particle velocity along the electric field line is zero in the zone of trapping. Thus, the trapping dielectrophoretic flow condition becomes as follows as other authors reported [27, 28] :
The C is the correction factor that used to match the experiment with models.
Since we are not interested in the actual extension of the trapping zone, we do not include the dielectrophoretic and EK mobility terms so the result is independent of the particle and medium properties. Therefore, the scalar field, defined by
Þ, is called trapping value and calculated for each numerical simulation to observe the effect of trapping for different geometries.
Numerical model
The presence of insulators in the microchannel distorts the electric field producing gradients. From Eq. (6), it can be deduced that the dielectrophoretic force exerted on particles in a medium is proportional to the gradient of the squared electric field; therefore, the geometry of insulators directly influences on the electric field distributions and, consequently, the performance of iDEP microdevices. To study this influence, a numerical code from the electric current module of COMSOL Multiphysics commercial software was used to create a 2D numerical model of a 1-cm-long and 1-mm-wide microchannel, with a 2-mm-long and 1-mm-wide array of circular posts located in the middle of the microchannel. Figure 1 (a, e) shows the parameters that define the geometry of the post array, where R is the radius of the post, K is the transversal distance between posts, and L is the longitudinal distance between two adjacent posts. The electric potential difference of 100 V was applied between the channel inlet and outlet as a boundary condition in COMSOL. The values of R and K were varied, and 300 different models were created and simulated.
The quantity of trapping value,
in all simulations. T is the particle-and medium-independent scalar field that accounts for the trapping capability of each point. Since we were interested to study the dependency of individual geometrical parameters on the distribution of electric field, when one of the parameters was varied, the other parameters remained unchanged. A grid independency analysis was performed comparing the trapping value in each different grid to ensure that the solutions were independent of the number of elements; see supplementary information for more details (Online Resource 1).
Chip fabrication and experimental setup
Soft lithography technique was used to fabricate 1-cm-long a n d 1 -m m -w i d e p o l y d i m e t h y l s i l o x a n e ( P D M S ) microchannels with an embedded insulating post array of 1-mm wide and 2-mm long in the middle of the channel and different post array arrangements to experimentally observe the effect of insulating post array geometry on trapping performance and validate the numerical models. In all channels, the post array design had a transversal distance equal to 30 μm, and the longitudinal distance of 50 μm and the radius of the posts were different (R = 20, 70, and 150 μm). Then, the fabricated PDMS channels were bonded to a glass cover via an oxygen plasma treatment. A schematic top view of the microchannel used in this work is shown in Fig. 1(a) . The dimensions of the fabricated channels were then measured by confocal microscopy (Sensofar Plu Neox, Sensofar Tech, Terrassa, Spain). Figure 1(b) shows a contour plot of the 70-μm-radius post array. The average longitudinal distance was 50 ± 3 μm, and transversal distance was 30 ± 3 μm (see Fig. 1(d, e) . The post diameter was 140 ± 6 μm, and the post height was 50 ± 5 μm, as expected. Each channel was washed four times with deionized (DI) water and filled with DI water 5 h before the experiments. Afterwards, a 4-μl suspension (2.5 % aqueous suspension) of polystyrene red-dyed beads with a diameter of 6 μm and a concentration of 2.10 × 10 8 particles/ml (Warrington, PA, USA) was diluted in 16 μl of deionized water (ε r = 80.1; ρ ∼20 kΩcm) [31] with a resulting pH value of 6.5 and the sample was introduced into the channel inlet. The zeta potential of the polystyrene bead suspension was measured by laser Doppler interferometry using a Malvern Zetamaster zeta potential analyzer, and according to the results, the zeta potential had to be <0.05 mV. These results agree with values obtained by other authors such as Weiss et al. [32] To ensure about the negative charge of the surface of the PDMS microchannel, a new PDMS microchannel was used in each experiment.
In each design, three different voltages (200, 350, and 500 V) were applied using two platinum electrodes (Roland Consult, Germany) placed in the inlet and outlet of the main channel to create the electric field. The voltage was gradually increased till trapping occurred using a DC voltage power supply (PASCO SF-9585, CA, USA). The microchannel and experimental setup is shown in Fig. 2(a, b) . The particle response was recorded by a digital camera (Tucsen ISH500, 5.0 M pixel) connected to a micro-inspection lens system Optem Zoom 125C (with a broad 12.5:1 zoom range) and a ×20 objective.
Results and discussion

Figure of merit selection
Saucedo-Espinosa et al. [28] in their study about the effect of particle size and shape on the particle trapping post arrays pointed out that the analysis of the maximum trapping value on the line between two posts could help to establish a geometry of post array that unambiguously creates trapping. To deepen in this assumption, three numerical models with different circular post radii (20, 70 , and 150 μm) were selected to make a preliminary study of the iDEP trapping. The transversal distance (K) was fixed to 30 μm, and L was fixed to 20 μm. The average trapping value (T) over the surface between the posts and the maximum trapping value (T) on the line between the posts were calculated for each geometry and are summarized in Table 1 .
Case (a), R = 20 μm, shows the higher values of T, as it can be seen in Table 1 , which are mainly concentrated near the posts but are lower on the line between the two posts. . This means that microparticle trapping occurs in the flow line at a lower applied voltage for a radius of 70 μm, and therefore, this design is better for filtration.
Note that the average trapping value (T) over the surface in case (a) is greater than that in case (b). This is due to the fact that when the post radius is smaller, a greater electric field gradient is obtained. Therefore, the average value of trapping (T) over the surface will not be a correct criterion for the comparison of microparticle trapping along the flow direction and therefore to design filters since it is not optimizable. Moreover, it was observed in the trapping experiments that effective filtering occurs when trapping takes place near (or at) the center of the channel. The average of the trapping value may have little sense as a figure of merit since higher values cause trapping at zones far from the center of the channel, and this is not a characteristic of an effective filter. Aside from being optimizable, the maximum value of T in the central line of the channel has the advantage that reflects the existence of a trapping zone that, even if it is not extensive, can achieve effective filtering. We claim that optimization using as a figure of merit the maximum value of T on the line between posts should lead to behavior qualitatively similar to the one observed experimentally and can be useful as a guide to improve microfiltering designs because of its simplicity and ease of calculation even if it is not proved that it is the best possible figure of merit.
As shown in case (c), where the radius of the posts is 150 μm, T is smaller in comparison with case (b). The maximum trapping value (T) along the middle line is 9.43 × 10 8 V/ m 2 which is smaller than that in case (b). This shows that there will be an optimum value for the radius of the posts. The average of trapping value (T) over the surface in this case is about 3.60 × 10 8 V/m 2 which is smaller than the two previous cases. It can be seen that as the radius of the posts decreases, keeping transversal and longitudinal distances constant, the T gets more intense and is mainly concentrated near the posts (see the maximum of the scale bar in the figures, 2.28 × 10 9 V/ m 2 ); also, the trapping zone shifts to the center of the posts by increasing post radius.
Optimum radius of the post
In order to find the optimum radius of the post, the maximum value of trapping (T) on the line between two adjacent posts was calculated in 300 models with different micropost array distributions. In these models, the value of R was varied between 10 and 150 μm, while the values of the transversal distance (K) changed between 10 and 60 μm. The value of L was fixed to 20 μm, and a voltage of 100 V was applied to the channel described in the BMaterials and methods^section. Figure 3 shows the result of the numerical simulation for the variation of the trapping value (T) on the line between the posts according to the post radius for different transversal distances (K) to find the optimum R. The predicted results indicate that there is a specific radius of posts for each K, which presents the maximum value of the trapping value (T). This post radius is considered as the optimum post radius for the particle trapping. Furthermore, it can be highlighted that for all the post radius, the trapping value (T) increases significantly with decreasing the transversal distance from 60 to 10 μm.
According to the predicted results (Fig. 3) , the relationship between the optimum radius (R) and the transversal distance (K) can be achieved as follows:
This equation is a global equation, which is independent of particle and medium properties.
All optimum values of post radius (R) and the maximum trapping value (T) for each transversal distance (K) which varies between 10 and 60 μm are presented in Table 2 . In addition, this table shows the evolution of the trapping value (T) including both minimum and maximum values for a given K. The last row shows that the increase in the trapping value (T) from the non-optimized geometry to the optimum post radius can vary between 56 and 341 % when the transversal distance varies from 10 to 60 μm.
The effect of the longitudinal distance (L) between posts was also studied for different K and R values. The modeling result shows the effect of L on the trapping value (T), which is rather weak with a monotonic behavior when R is smaller than 70 μm; however, when L is increased, a T value can be enhanced up to 0.05 %, when R is bigger than 70 μm. The effect of L on the trapping value (T) for optimum R and different K values is plotted in Fig. 4 .
These results can be explained due to the overlapping effect of the negative DEP zone from the previous post column on the positive DEP zone of the next post column. This overlapping effect disappears when L is increased, and therefore, the trapping value is enhanced (see Fig. 4b ).
Experimental validation
To validate the results from the numerical models and experimentally observe the effect of insulating post array geometry on the trapping performance, the run of different PDMS microchannels described in the BMaterials and methods^sec-tion with different post array radii (R = 20, 70, and 150 μm) was tested.
Changing the geometry of the insulator post array results in a change of the electric field distribution. This has an immediate effect on EK velocity but also, through the gradient of the squared electric field, affects dielectrophoretic velocity. Particle trapping can be achieved when the dielectrophoretic Fig. 3 Trapping versus radius of the posts for different K values contribution to particle velocity is larger than the EK contribution. The performance of microparticle trapping of an insulating post array with R = 20 μm is shown in Fig. 5(ac) . The experimental pictures show that particle trapping is confined on the surface of the posts and mainly concentrated near the posts. There is no particle trapping present in the line between the posts, and therefore, the particle that follows the flow lines between posts can arrive to the outlet, decreasing the efficiency of the filter design. Thus, in order to achieve efficient particle separation, a high DC voltage is required; see Supplementary movie (Online Resource 2). An example of particle trapping for R = 150 μm is depicted in Fig. 5(g-i) . Streaming flow appears for 200 and 350 V, and particle trapping is observed only for 500 V; see Supplementary movie (Online Resource 4). The experimental results indicate that the dielectrophoretic velocity is greater than the EK velocity in an insulating post array with R = 70 μm, in which a significant number of particles have been separated with a lower voltage in comparison with R = 20 and 150 μm. In addition, experimental results confirm the predicted numerical results that as the radius of the posts decreases, keeping transversal and longitudinal distances constant, trapping of particles gets more intense and is mainly concentrated near the posts.
In summary, the obtained results are independent of particle and medium properties and can be applied to all particles and mediums. The numerical results show that the modification of geometrical parameters of the post array can significantly reduce the required electric potential to achieve effective enrichment and particle trapping. Moreover, the set of experimental results validates the numerical simulation results which show that for the constant transversal distance between posts (i.e., 30 μm), there is an optimum radius of the post (i.e., for Recently, the performance of two different insulating post array geometries including circle and diamond post shapes has been studied [25] . Furthermore, circular and square post arrays have been used in-plane and out-of-plane for protein concentration [22] and ellipse-and triangle-shaped posts have been used for manipulation of proteins [23] . None of these previous studies were based on an independent geometrically optimized design.
The use of the most efficient post array arrangement derived from the obtained relationship (Eq. (8)) opens the possibility to improve the previous investigations or implement future study to minimize not only the required voltage to achieve trapping but also the Joule effect.
Concluding remarks
Cummings and Singh had already mentioned the importance of the post array geometry on the efficiency of iDEP trapping in 2003 [11] . Barbulovic-Nad et al. in 2006 even proposed an active method using oil droplets as an adjustable insulating structure to be able to modify the trapping efficiency [20] . In general, most microfluidic designers use complex finite element models to optimize a particular geometry for a given particle to trap [21] [22] [23] [24] [25] .
This paper presents a geometrical relationship to find the efficient geometry of the post array distribution in DC-iDEP microfilters that maximizes the trapping condition, while minimizing the required voltage, with a similar fo otp rin t an d th e c ha nn e l t h i c k n e s s . C O M S O L Multiphysics software was used to perform a parametric characterization of the geometric parameters of the post array based on a newly proposed figure of merit (the maximum of trapping condition along the central line of the transversal distance between posts, T). A high value of this figure of merit denotes the existence of trapping zones close to the center of the channel and therefore is an indicator of effective filtering. It is reasonable to expect that optimization of this figure of merit reproduces, at least qualitatively, the real behavior. The numerical model results showed that there is a specific radius of posts (R) for each transversal distance (K) which can enhance the trapping condition between 56.1 and 341 % compared to the initial non-optimized design. This behavior has been captured through a proposed relationship between the transversal distance (K) between posts and the optimum post radius (R), which is independent of the particle to trap or the medium. The numerical results were experimentally validated and confirmed that higher trapping is achieved for those micropost geometries closer to the optimal value determined by the numerical simulation, reinforcing the idea that the proposed figure of merit is useful at least to predict qualitatively the performance of a microfiltering device and it is also easy to calculate and has a clear physical interpretation. Therefore, the validated geometrical relationship can be an important milestone for a wider use of DC-iDEP devices for trapping viable cells. 
